Millimolar vanadate is required to affect respiration of bean plants and barley leaves, while even this concentration has no effect on respiration of isolated pulvinal tissue.
A nonspecific phosphatase activity extracted from both bean pulvini and barley leaves was found in all of four fractions of a differential centrifugation procedure (ie. cell walls + nuclei, mitochondria, microsomes, supernatant), but more than 90% of the specific and total activity was located in the supernatant. The phosphatase activities of all fractions were inhibited by concentrations of vanadate similar to those which inhibited leaf movement, stomatal conductance of bean, and unrolling of barley leaves. on higher plants. Vanadate, even in ILM concentration, is a potent inhibitor of (Na+, K+)ATPase of animal cells (1, 2, 6, 7) , dynein ATPase from cilia, flagella and spindle mechanism (5, 15, 18) , sarcoplasmic reticulum (Ca2+)ATPase (19, 24) , plasmamembrane ATPase of Neurospora (3) , and ion stimulated plant root ATPases (8, 11) . Mitochondrial ATPase is unaffected by Am vanadate (3, 14) , but mm concentration inhibits both mitochondrial and glycolytic energy metabolism (4, 9, 23) as well as myosin ATPase (12, 15) . In addition, vanadate has been reported to affect a range of other enzymes (21) ; thus, vanadate is clearly not a specific inhibitor of (Na+, K+)ATPase as originally believed (19) . However, in a given system and at a defined low concentration, vanadate may indeed be a selective inhibitor of specific ion stimulated ATPases, thus being a true biological probe (3, 8, 15) .
Involvement of ATPases in leaf movements has been suggested for Mimosa pudica (17, 22) . In vivo effects of vanadate on a higher plant were first reported in 1979 (20) ; rhythmic leaflet movement in Albizzia julibrissin was inhibited by mm vanadate.
We now report on in vivo effects of vanadate on three turgor driven systems (leaf movement, stomatal movement, and leaf unrolling) that correlate with in vitro effects of vanadate on phosphatase activity of bean pulvini and barley leaves but not with respiration of either. Respiration. Five to seven bean plants cut just above ground were placed in 50 ml 0, 100 or 1,000 ,M buffered (pH 7.1) and boiled vanadate solution and put in a 10-liter cuvette at 25 C. The plants in the cuvette received 0.5 liter of humid air/min and were kept throughout the experiment in alternating darkness and light (Philips HPI/T 375 w lamp with a 10-cm waterbath heat filter, 1200 ,iE m-2 s-'). The CO2 concentration of the incoming air ( 68, 1981 period or 10 g red light treated, etiolated barley leaves were harvested, homogenized for 8 min at 4 C in homogenizing buffer (1 ml g-1 tissue) with a mortar and pestle, and strained through four layers of cheesecloth. The filtrate was separated into four fractions by differential centrifugation in a Sorval Superspeed RC2-B mounted with aSS 34 rotor. Zero to 1 lOOg (10 min) was designated wall + nucleus fraction (W), the lOOg to 9000g (15 min) was the mitochondrial fraction (OX), the 9000g to 48200g (60 min) was the microsomal fraction (RE) and the supernatant containing soluble enzymes was designated (S). Each pellet was resuspended in 4 ml resuspension buffer, but the mitochondrial fraction only after it was washed, resuspended in 25 ml resuspension buffer and resedimented (9000g, 15 min). The resuspended fractions were further homogenized by sucking them 25 times through the narrow tip of a Pasteur pipette followed by 25 strokes in an Elvehjem homogenizer (B. Braun). All fractions were then frozen (-20 C) until used for assays within 96 h. While frozen fractions retained constant activity for weeks, fractions stored at 4 C were found to degrade in a matter of days.
Enzyme Assays. NADH-Cyt c reductase, NADPH-Cyt c reductase and Cyt c oxidase assays were performed at room temperature (25 C) on a recording Zeiss spectrophotometer according to Hodges and Leonard (13) . Relative specific reductase and oxidase activities are taken as indications of relative purity of the microsomal and the mitochondrial fractions, respectively.
Phosphatase was assayed with ATP (pH 5.3 to 9.0), ADP (pH 6.8) AMP (pH 6.8), p-NPP (pH 6.0 and 8.5) anda-NAP (pH 6.0). The assay was performed with 20,ul sample protein (or buffer) + 500 ,Al 3 mm organic phosphate (or buffer) ± inhibitor (or buffer) mixed at 0 C, agitated 30 min in a 30 C waterbath, and 80,Il 50%o TCA added to stop enzymic reaction. Each assay was repeated at least three times. Released Pi was assayed at room temperature (25 C) by the method of Dryer et al. (10) . Care was taken to compensate for nonenzymic hydrolysis, sample absorbance, and phosphate content as well as interfering substances (e.g. the slight interference of 1 mm vanadate). Hydrolysis ofp-NPP and a-NAP at acid pH was taken as indication of acid phosphatase activity and hydrolysis of p-NPP at basic pH was taken as indication of basic phosphatase activity.
Protein was determined by the method of Lowry et al. (16) , care being taken to eliminate or compensate for interfering substances, in particular the homogenizing buffer. RESULTS Leaf Angle. Bean plants cut and placed in water or buffer (pH 7.1) continue to move their leaves for several days in light-dark cycles. When incubated with aqueous or buffered (pH 7.1) vanadate solutions, oscillations were inhibited by increasing concentrations up to 1 mm which proved lethal after only a few hours (Fig.  2B) . Final opening in the second and third light periods was inhibited 50%o by 15 AM vanadate and final closing in the second dark period was inhibited 50%o by 60 .lM vanadate (Fig. 2A) . As inhibition is found to be progressive, the difference in inhibition of final opening and final closing in light and dark periods is not important, instead it is an expression of this progression. The effect of vanadate was independent of pH (6.0 to 7.1).
Stomatal Conductance. Stomatal conductance of the excised bean plants during the first light period was inhibited by increasing vanadate concentrations (Fig. 3B ), but was not affected measurably during the dark period when transpiration was insignificant, except when a vanadate concentration proved lethal. The 10%o from stomatal conductance calculated from the transpiration data given in Figure 3B : Stomatal conductance was inhibited 50%o by 100 uM vanadate (Fig. 3A) . Leaf Unrolling. Two of the tested ATPase inhibitors, oubain and quercetin, in concentrations ranging between 1 ,M and 1 mm were without any effect on the red light stimulated unrolling of barley leaves (data not presented). The others, oligomycin, DES and vanadate proved to be powerfuil inhibitors of the unrolling process, particularly oligomycin (Fig. 4A) 0f P R P R P a P A _ A P P R P R P R P R P; R 68, 1981 cific ATPase and ADPase activities were found to be slightly more active than acidp-NPPase. Acid a-NAPase proved to be only 10%1o as active as ATPase. ATPase activity was not affected by the presence of 50 mm KC1 or by changes in pH 6.0 through 7.5.
Phosphatase activity of barley leaves was measured only with ATP and acid p-NPP as substrates.
Vanadate Inhibition of Phosphatase. The phosphatase activity of all fractions studied was inhibited by similar concentrations of vanadate, though somewhat dependent on the organic substrate.
Fifty per cent inhibition was obtained by 15 yLM vanadate for pulvinal supernatant with ATP as substrate, 90 Mm vanadate for pulvinal supematant with acid p-NPP as substrate (Fig. 6) , and 30 tLM vanadate for barley leaf supernatant with ATP as substrate (data not presented). The data of Figure 6 represent the average of 10 experiments. Nonspecific ATPase activity was found to be slightly but significantly stimulated by 0.1 to 1.0 uM vanadate. A t-test proved the probability of stimulation to be 93% and 70%o, respectively. However, we can offer no explanation for the observed stimulation.
DISCUSSION
In the described experiments, the use of vanadate was purely as a nonspecific probe. This is obvious because: (a) a specific ATPase was not purified, (b) vanadate inhibited the hydrolysis of ATP as well as acidp-NPP, at approximately the same low concentrations (10 to 100 Mm), (c) vanadate inhibited nonspecific ATPase of all fractions at approximately the same concentrations.
Leaf movement is first affected 8 to 12 h after cut off bean plants are supplied with vanadate. However, as even 24 h incubation of plants with vanadate does not affect respiration of isolated laminal pulvini, the effect of vanadate on leaf movement is not mediated by an effect on respiration. Vanadate may work through the observed potent effect on general phosphatase in pulvini (Fig. 6) short-term experiments. However, these may be mediated through a general phosphatase. Unrolling of barley leaf sections is affected by as low concentrations of vanadate as 1 ,UM. As it takes as much as mm to affect respiration, vanadate does not inhibit unrolling due to an effect on respiration. On the other hand there is a great similarity between the effect of vanadate on barley leaf unrolling and phosphatase activity. We find it likely that vanadate suppresses unrolling by inhibiting a phosphatase, as other inhibitors of phosphatases (ATPases) i.e. DES and oligomycin also suppress unrolling.
